Introduction
As part of the functional assessment of the coronary vasculature, the evaluation of myocardial perfusion represents a major gatekeeper to percutaneous coronary intervention (PCI) in the work-up of suspected obstructive coronary artery disease (CAD) and several invasive and non-invasive imaging techniques are available today. [1] [2] [3] Myocardial perfusion reserve (MPR) quantifies the maximal possible increase in myocardial blood flow (above baseline conditions) in response to exercise or pharmacological stimuli and integrates perfusion through both the large epicardial coronary arteries and the microcirculation. 4 The use of coronary sinus flow velocity encoded cine (VENC) cardiovascular magnetic resonance (CMR) sequences for non-invasive quantification of global myocardial blood flow (MBF) has proved to be a promising technique and was validated in clinical and experimental settings, respectively. [5] [6] [7] [8] [9] The ratio between hyperaemic-to-rest MBF was defined as MPR and shown to be impaired in some cardiac diseases of non-ischaemic/ischaemic origin. 7, 8, [10] [11] [12] The SYNTAX score is an angiographic tool developed to quantify the anatomical burden of epicardial CAD: Beyond the mere number of obstructed vessels, this score considers the severity and location of all coronary lesions and may help to predict the extent of (ischaemic) myocardium at risk and the technical success of subsequent revascularization. 13 Initially, the score was developed for left main and three-vessel disease due to the large variability in lesion complexity resulting in different prognosis and therapeutic implications. 1, [14] [15] [16] Since then, the SYNTAX score has increasingly been used as clinical as well as research tool and was shown to predict major adverse cardiac events after PCI even in unselected patient populations. 17, 18 The current study included patients with suspected obstructive CAD referred for adenosine-stress CMR and aimed 1 to noninvasively quantify global MBF at rest and during maximal hyperaemia in addition to global MPR by means of coronary sinus flow measurements and 2 to investigate the relationship between these parameters and the anatomical extent, severity and complexity as well as the functional impact of the atherosclerotic lesions.
Methods

Study population
Between January and August 2015, 227 patients with suspected obstructive CAD underwent adenosine-stress CMR including velocity encoded cine (VENC) CMR and late gadolinium enhancement (LGE)-imaging in addition to invasive coronary angiography within three months of CMR.
To avoid potential confounders that might influence MBF, the following exclusion criteria were applied: 1 relevant valvular disease (> grade II in echocardiography and/or > moderate in CMR) and/or presence of prosthetic valves; 2 more than mild left ventricular hypertrophy (max. end diastolic wall thickness > 14 mm) or known hypertrophic cardiomyopathy; 3 uncorrected/corrected congenital heart disease; 4 acute myocardial infarction within the last two months; 5 PCI within the last two years or history of CABG at any time; 6 previous cardiac transplantation.
Furthermore, 24 patients had incomplete and/or suboptimal VENC CMR images and two patients presented with a persistent left superior vena cava and were excluded. Thus, the final study group consisted of 58 patients. Additionally, 19 young patients (<45 years) with a low pre-test probability for CAD and in whom myocardial ischaemia as well as the presence of structural and functional cardiac abnormalities were excluded by CMR (same imaging protocol as above) constituted the control group. 1 
CMR acquisition
ECG-gated CMR studies were performed on a 1.5-T scanner (Achieva, Philips Healthcare, Best, The Netherlands) using commercially available cardiac software, electrocardiographic triggering, cardiac-dedicated surface coils and breath-holding. All patients were assessed by 1 cine-CMR (steady-state-free-precession) in the three standard long-axis views and a stack of short-axis slices; 2 first-pass myocardial perfusion imaging (MPI) in three short-axis slices (basal, mid-ventricular and apical) at peak pharmacological stress (after 140 mg/kg/min adenosine infusion for 3 min) and at resting conditions; after 3 min of adenosine infusion at a constant rate, 0.1 mmol/kg Gadovist was injected with a rate of 4 ml/s intravenously (followed by 30 ml saline flush at the same rate) during the following firstpass perfusion sequence: a saturation recovery gradient echo method accelerated with sensitivity encoding (acceleration factor 2, partial Fourier sampling, partial echo, repetition time 2.0-3.0 ms (shortest), echo time 1.0-1.5 ms (shortest), flip angle 50 , image acquisition time per slice 120 ms, single saturation pre-pulse per R-R interval shared over three slices, in-plane spatial resolution 2.5Â2.0 mm) was used; 3 LGE-imaging (T1-weighted inversion recovery gradient-echo sequence) 10-15 min after intravenous contrast administration (0.1 mmol/kg Gadovist) in the same imaging planes as the cine-images.
Coronary sinus flow measurements
Through-plane coronary sinus flow measurements using VENC CMR were performed at rest and peak stress (after 140 mg/kg/min adenosine infusion for 2-3 min), before the acquisition of stress-perfusion images. The coronary sinus imaging plane was carefully planned on two orthogonal cine-CMR views after the localization of the coronary sinus in the atrioventricular groove in a small stack of axial cine images (Figures 1 and  2 ). The flow measurement was performed as close as possible to the orifice in the right atrium to include as many LV cardiac veins as possible.
The duration between stress and rest image acquisition was 15 min.
CMR data analysis
CMR analysis was performed off-line by two experienced readers blinded to the clinical and angiographic characteristics using commercially available software (CVI 42 , Circle cardiovascular imaging, The Netherlands). Ventricular volumes, ejection fraction and LV mass were derived by contouring endo-and epicardial borders on the short-axis cine images and indexed to body surface area. MPI and LGE images were visually assessed as previously described. 19 A stress MPI test was considered positive if a reversible subendocardial/transmural perfusion defect was visually detected in at least one myocardial segment with additional proof of viability in corresponding LGE images. 19, 20 In case of a true perfusion defect, the first occurrence of the perfusion defect during adenosine stress occurs at the same time when the infused contrast agent leads to myocardial enhancement, which is later than the arrival of the contrast agent in the LV cavity. In contrast, dark-rim artefacts were defined as an endocardial dark band that appears already at the arrival of the contrast agent in the LV cavity (prior to the arrival of the contrast agent in the myocardium) and that disappears quickly during contrast agent uptake in the myocardium. Moreover, a true perfusion defect starts in the subendocardium of a myocardial territory that is typically supplied by a coronary artery and the duration ranges from 'brief' (defined as a minimum of three heartbeats = frames in our study) to 'prolonged' (e.g. persistent till the second pass of the contrast agent) depending on the severity of coronary stenosis.
. Manual delineation of the coronary sinus was performed throughout the cardiac cycle and the following parameters were calculated: Rest and peak stress 'MBF' (in mL/min/g), by dividing respective coronary sinus flow (CSF) to LV mass. CSF (mL/min) was obtained by correcting the measured flow by the rate pressure product, RPP (RPP = systolic blood pressure Â heart rate; CSF = measured CSF/RPPÂ7500) as previously described. 21, 22 Myocardial perfusion reserve ('MPR'), the ratio between MBF at peak stress and rest. Based on previous published data, a MPR value of < 2 was chosen as the cut-off for an impaired MPR.
21,23-25
Coronary angiogram analysis
Coronary angiograms were independently reviewed by two readers blinded to clinical and CMR data and were scored according to the SYNTAX score algorithm (16) (http://www.syntaxscore.com/). Any disagreement was discussed and resolved by consensus. Patients were considered as having 1-, 2-, and 3-vessel obstructive CAD when at least one stenosis >50% was present in 1-, 2-, and 3-coronary territories, respectively. 16 For further analyses in relation to total CAD burden, study group patients were classified according to their SYNTAX score values in three subgroups: no obstructive CAD (SYNTAX 0), mild to intermediate and severe (>22) obstructive CAD in line with the recent guidelines. 
Results
Study population
Patient characteristics for the study group are shown in Table 1 . Mean age was 65 ± 12 years and 74% (n ¼ 43) were male. The control group (n ¼ 19) was significantly younger (34 ± 9 years, P < 0.001; 53% male, P ¼ 0.09) and had a significantly lower prevalence of cardiovascular risk factors compared to the aforementioned study patients: 21% vs. 74% had hypertension, P < 0.0001; none vs. 29% had diabetes, P ¼ 0.008; 11% vs. 40% had high cholesterol levels, P ¼ 0.023. 
Cine-and LGE-CMR results
CMR results for the study group are shown in Table 2 . Median left ventricular ejection fraction (LVEF) was 62% (53-68%) and 29% (n ¼ 17) of the patients had an impaired LVEF <55%. There were no significant differences regarding functional CMR parameters between the study and the control group. Regarding LGE findings, an ischemic pattern of LGE was found in 43% of the study group (vs. none of the control group, P< 0.001) with a median extent of 3 (IQR 1-5) myocardial segments.
Fifty-nine percent (n ¼ 34) of the study patients showed adenosineinduced, reversible myocardial perfusion defects (vs. none of controls, P < 0.0001) in areas of viable myocardium with a median extent of 4 (IQR 3-7) segments. Ninety-one percent (31/34) of the positive stress perfusion patients had > _ 2/16 segments with induced perfusion defects. 26 All controls had normal rest and stress CMR findings.
Global MPR findings
The general characteristics and CMR results for the study patients with a preserved (MPR > _2, n ¼ 33) vs. a reduced global MPR (MPR <2, n ¼ 25) are shown in Tables 1 and 2 , respectively. There were no significant differences regarding demographics, cardiovascular risk factors and medication between patients with a preserved vs. impaired MPR (Table 1) . Moreover, no significant differences could be detected between these subgroups regarding functional CMR parameters as well as presence/extent of LGE and of adenosine-induced perfusion defects ( Table 2) . Global MPR was significantly lower in the study group (n ¼ 58) compared to controls (n ¼ 19): 2.3 (1.5-3.1) vs. 3.1 (2.0-4.3), P ¼ 0.016.
Invasive coronary angiography findings
All study patients underwent invasive coronary angiography within þ8 (-3 toþ30) days to CMR. In 17% of patients (n ¼ 10)
angiograms were normal and CAD was excluded. According to the SYNTAX score criteria, three patients (5%) had a left main stenosis, 24 (41%) had a proximal stenosis and 22 (38%) had multi-vessel (2-or 3-vessel) disease ( Tables 3) . The median SYNTAX score was 8.0 (0.0-20.0) with 39 patients (67%) having a SYNTAX score >0, 9 patients (16%) a score >22 and only 1 (2%) a score >32.
Relationship between global MPR and first-pass myocardial perfusion results
Compared to patients showing no myocardial ischaemia during stress perfusion, those with positive stress perfusion had a significantly lower peak MBF (1.9 ml/min/g (1.4-3.1 ml/min/g) vs. 2.6 ml/min/g (1.8-3.7 ml/min/g), P ¼ 0.004)-but similar rest MBF (0.6 ml/min/g (0.4-0.8 ml/min/g) vs. 0.6 ml/min/g (0.5-1.1 ml/min/g), P ¼ 0.16) ( Table 4) . Although MPR was lower in patients with presence of myocardial perfusion defects compared to those without (1.9 vs. 2.6), no significance was reached (P ¼ 0.09). The median SYNTAX score was significantly higher in patients with a positive compared to a negative stress perfusion (16.0 (3.0-21.3) vs. 1.5 (0.0-9.8), P ¼ 0.001). In addition, a moderate positive correlation was detected between the number of segments with perfusion defects and the SYNTAX score (Spearman's rho= þ0.41, P ¼ 0.017).
Relationship between global MPR, myocardial perfusion defects and anatomical CAD burden CMR findings in the study patients according to the SYNTAX score category are shown in Table 5 . The SYNTAX score was significantly higher in patients with an impaired compared to those with a preserved global MPR-mainly due to the higher prevalence of proximal coronary stenoses and/or 2-or 3-vessel disease. Patients with extensive obstructive CAD (Syntax >22) showed more frequently presence of ischaemic LGE (P ¼ 0.034) compared to those without obstructive CAD (Syntax =0). Although patients with Syntax >22 had almost twice the prevalence of positive stress perfusion exams compared to those with Syntax =0, no statistical significance was reached for the difference in prevalence.
Among patients without obstructive CAD (n ¼ 19, Syntax =0), global MPR values did not differ between those 10 (52%) patients with completely smooth coronaries and the remaining nine (48%) patients with non-obstructive (<50%) lesions (2.8 (1.8-3.5) vs. 2.7 (2.0-3.5), P = NS).
Compared to patients with no obstructive CAD (Syntax =0), those with a high CAD burden (Syntax >22) showed a significantly lower peak MBF (1.2 ml/min/g (0.7-1.6 ml/min/g) vs. 2.1 ml/min/g (1.4-3.3 ml/ min/g), post-hoc P ¼ 0.017) and a significantly lower MPR (1.7 (1.2-2.1) vs. 2.7 (1.8-3.5), post-hoc P ¼ 0.010). In addition, a moderate inverse relationship was present between the SYNTAX score and global MPR (Spearman's rho= -0.34, P ¼ 0.008) for the whole study group.
When combining angiographic and non-invasive myocardial perfusion data (Table 6 ), a marked decrease in peak MBF and MPR was only seen in patients with obstructive CAD (Syntax >0) and presence of myocardial perfusion defects-but not in those without myocardial ischaemia.
When combining global MPR and non-invasive myocardial perfusion data ( (>50% stenosis), b) the presence of proximal stenosis and the presence of multi-vessel disease was found in those patients with presence of myocardial perfusion defects in addition to an impaired global MPR. Significant CAD was detected during coronary angiography in 39/ 58 (67%) patients. A perfusion defect during first-pass MPI was observed in 26 patients out of those 39 patients with proven CADresulting in a sensitivity of 67% for the MPI-based diagnosis of CAD.
A global MPR <2 'and/or' a perfusion defect during first-pass MPI was detected in 31 out of 39 patients with proven CAD-resulting in a sensitivity of 79% (if a combined approach is used). On the other hand, when we selectively looked at those patients with a positive first-pass MPI study, significant CAD was detected during subsequent coronary angiography in only 65%. In contrast, significant CAD was observed in 88% of those patients that demonstrated both a global MPR <2 and a positive first-pass MPI study. 
Discussion
The current study aimed at evaluating the relationship of noninvasively quantified global MPR by coronary sinus flow CMR (at rest and under peak adenosine-stress) to the anatomical and functional extent of atherosclerotic lesions in patients with suspected obstructive CAD. The major findings of this study can be summarized as follows: 1 In our study population, global MPR was significantly reduced when compared to a younger control group with a low CAD pretest probability; 2 A significant decrease in global MPR was found in patients with a high CAD burden (Syntax >22) when compared to patients without obstructive CAD (Syntax =0); 3 Global MPR impairment was primarily related to the presence of proximal epicardial lesions and/or presence of multi-vessel disease, but not to the occurrence of limited regional stress-induced ischaemia; 4 The diagnostic yield of stress CMR for the diagnosis of CAD (>50% stenosis) increased substantially (from 65% to 88%) when global MPR assessment was considered in addition to stress perfusion imaging. Hence, the performance of global MPR measurements-in addition to conventional first-pass stress perfusion imaging-may help to identify those patients with severe proximal epicardial stenoses and/or multivessel disease and thereby (i) extend the diagnostic information that is obtained by conventional stress perfusion imaging and (ii) support clinical decision-making (e.g. whether or not to perform invasive coronary angiography after diagnostic CMR testing).
The challenge of global MPR interpretation in CAD
Coronary sinus flow derived global MPR by CMR is impaired in patients with hypertrophic and dilated cardiomyopathy, after cardiac transplantation and in the presence of chronic heart failure with a reduced LVEF-most probably secondary to a diffuse involvement of the coronary microvasculature. 7, 8, [10] [11] [12] Conversely, due to large variability in atherosclerotic CAD burden with a non-neglectable impairment of both epicardial heamodynamics and microcirculatory response to hyperaemic stimuli, the interpretation of changes in global MPR is more challenging in case of CAD and published data are relatively scarce. 21, 23, [27] [28] [29] [30] The current findings of a decreased global MPR in patients with suspected obstructive CAD compared to younger, healthy controls are in line with the only two studies that were so far published on this issue: The first study found an inverse association between MPR and the cardiovascular risk factor burden, while the second one related MPR to the presence of 1-or 2-vessel disease and heart failure symptoms 21, 27 Interestingly, earlier PET studies showed an inverse relationship between global MPR and age, particularly in those patients aged >70yrs. 31 However, considering the detailed results in our study group (n ¼ 58) with large differences in the presence of epicardial CAD, our major findings primarily reflect the extent and severity of epicardial CAD. 4 Of course, we cannot exclude additional microvascular effects since (i) microvascular disease is often present in patients with advanced epicardial CAD and (ii) microvascular dysfunction can even occur without advanced epicardial CAD. However, since global MPR values did not differ between those patients with completely smooth coronaries compared to those patients with non-obstructive (<50%) lesions, microvascular effects are believed to play only a minor role (if at all) in the present study. Furthermore, most of the available non-invasive data regarding the disruption of normal coronary physiology in CAD come from PET and SPECT studies. 23 In agreement with our finding that global MPR is primarily reduced in patients with a high anatomical burden of obstructive CAD (Syntax >22), Ziadi et al. 25 found MPR to be an independent predictor for three-vessel CAD by Rubidium-82 PET. Similarly, the SPECT study by Bouallegue et al. showed an association between global MPR and CAD extent, defined as the number of obstructed vessels, with a significant difference between patients with and without three-vessel disease. 32 Moreover, a 'normal' MPR was shown to have a high negative predictive value for excluding high risk CAD on angiography. 24 A high correlation and agreement between CMR and PET studies was already demonstrated for both global MBF and MPR-with only MBF being slightly underestimated by CMR due to anatomical factors (the coronary sinus drains most of but not the whole myocardium). 5, 8 Therefore, some differences in reported MPR values are likely due to the differences in CAD severity between studies (e.g. MPR in the present study in Syntax >22: 1.7 vs. in threevessel disease by Ziadi et al: Relationship between global MPR and myocardial perfusion defects Interestingly, in spite of being lower in positive compared to negative adenosine-stress perfusion subgroups, global MPR was not significantly related to the presence of induced perfusion defects, however, associated with the CAD extent/SYNTAX score according to current available definitions. 26 Previous nuclear studies showed a marked decrease in regional peak MBF and 'regional' MPR in territories with flow-limiting stenoses as defined by invasive fractional flow reserve, compared to preserved values in normal territories. This phenomenon is nicely visualized as a regional perfusion defect. 32, 33 However, if 'global' MPR is looked at, our present data suggest that in those patients without proximal epicardial stenosis or without three-vessel disease (representing 84% of our study population) compensatory mechanisms like increased regional flow in non-stenosed segments contribute to a maintained normal global MPR. 29 Therefore, a reduced global MPR in a patient with positive stress perfusion could serve as a supplementary parameter of CAD severity-in addition to the number of segments with perfusion deficits. Above all, estimates of ischaemic burden by functional imaging are the major factor in revascularization decisions and a simple addition of global MPR based on coronary sinus flow measurements to a standard adenosine-stress perfusion CMR may enable a higher diagnostic yield and an improved characterization of CAD/ischaemia extent, particularly in multi-vessel disease. Finally, when looking at patients with obstructive CAD defined by anatomical criteria (>50% luminal narrowing according to SYNTAX score), we showed that only the presence of ischaemia (shown by stress perfusion CMR) is associated with a decrease in global MPR (Table 6 ). This finding is in accordance with current stable angina guidelines that underline the importance of knowledge about coronary function besides anatomy when evaluating CAD patients.
1,2,34
Study limitations
The current study presents a series of limitations. Due to the rigorous exclusion criteria aiming to exclude potential global MPR confounders, a relative small number of patients were finally included in the analysis and patients with severe multi-vessel CAD were poorly represented. Second, no invasive FFR/CFR or non-invasive semi-/ quantitative measures of CMR perfusion were performed as 'gold standard' for myocardial perfusion parameters. Instead, we decided to confine the analysis to a visual assessment of segmental myocardial perfusion, a reliable tool for the daily clinical practice. 2, 35, 36 Due to the limited size of the study group, an additional segmental and/or quantitative myocardial perfusion analysis is not appropriate in this study -but will be performed on a larger group in the future. Since only 58 patients were included to the present study, the results of this study should not be overestimated regarding the 'general' diagnostic sensitivity or specificity of first-pass MPI (using CMR) for the detection of significant CAD. However, the methodological approach used in the present study (comparison of two different CMR techniques within the same individual patients) allows to deduce some interesting and promising hypotheses that may have broad clinical value-but need to be confirmed in a larger multi-centre approach. Obviously, using newer and better equipped MR scanners and more advanced CMR techniques such as 'k-t BLAST acceleration' that allow a higher resolution during first-pass MPI will result in a higher diagnostic performance. Moreover, we observed the presence of non-ischaemic LGE in some patients of our study group. Since these non-ischaemic patterns of LGE were a) quite subtle and circumscribed, b) not associated with any elevated cardiac enzymes or serum markers of inflammation and c) did not correlate with clinical symptoms or findings, we supposed a rather chronic presence without a relevant effect on our MBF/MPR and MPI measurements. Last, although PET studies show a decrease in MPR in patients with an increased cardiovascular risk profile but without established CAD that is explained by presence of microvascular dysfunction, we are not able to draw any evidence-based conclusions in this direction
